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Abstract 

Motivated by the stringent flux limits for UHE neutrinos coming from gamma ray bursts or active 
galactic nuclei, we explore the possibility that the active neutrinos generated in such astrophysical 
objects could oscillate to sterile right handed states due to a neutrino magnetic moment \i v . We 
find that a value as small as \i v ~ lO" 15 ^ could produce such a transition thanks to the intense 
magnetic fields that are expected in these objects. 
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In recent years the observation of very distant astrophysical sources, such as Active 
Galactic Nuclei (AGN) and Gamma Ray Bursts (GRB), have improved notoriously Now 
we have a better knowledge of these objects, despite the fact that there is still a lot of puzzles 
to be unraveled. It is a general belief that GRBs and AGNs provide a mechanism for the 
acceleration of the most energetic cosmic rays that have been detected so far. One of the 
reasons for this belief are the strong magnetic fields inside these objects, that may accelerate 
protons and heavier nuclei up to the highest energy range of the spectrum of the cosmic 
radiation [j], 2|. Currently, cosmic rays with energies as high as 10 20 eV have been detected 
at different experiments on Earth. However, there is a limit for protons with energies above 
10 20 eV to travel distances larger than 100 Mpc j^] and, therefore, there is no physical chance 
to obtain direct information about the most distant sources from ultra-high energy protons, 



as has been confirmed by HiRes 



5]. 



4| and the Pierre Auger Observatory 
In principle, this limitation do not apply to neutrinos and it would be expected that, at 
energies around 10 18 eV it would be possible to observe neutrinos coming from extragalactic 
sources and obtain, at least in principle, direct information from their original source. This 
has been one of the main motivations of the IceCube experiment js]. Recent reports from 
several experiments, however, show negative results in the search for extragalactic neutrinos, 
giving upper limits for a diffuse or for point source neutrino fluxes Q-[llJ. Although it could 
be possible that in future, with more statistics, a positive detection and a determination 
of the UHE neutrino flux could be established, we think that it is a good time to search 
for possible alternative explanations to the absence or reduction in the flux of neutrinos. 
There have been efforts to understand effects on the neutrino flux and other cosmological 
observables, such as the CMB power spectrum, by considering an interaction of the neutrino 
with a Dark Matter candidate. However, most of these attempts lead to small effects 

n 

|16| . The main problem to explain a suppression in the neutrino flux due to this kind of 
interaction is that the neutrino-Dark Matter expected cross section is too small to play an 
important role, except for the case of an ultra-light scalar field (m^ ~ 10~ 23 — 10 -33 eV) 
where the small cross section is compensated by the large amount of DM particles 

Here we focus on a different approach that may be simpler and physically appealing: 
the case of a spin flip of the neutrino due to a non zero neutrino magnetic moment. In the 

n 

Standard Model (SM), the neutrino magnetic moment is expected to be extremely small |18l - 
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However, motivated by the solar neutrino problem, it was noticed that a relatively large 
neutrino magnetic moment could play a role in neutrino conversion inside the Sun. The 
most successful mechanism in this direction was the well known Resonant Spin Flavor Pre- 
cession (RSFP) 2l| where an oscillation v e — >• zVt may occur. Despite RSFP was not able 



to be a solution of the solar neutrino problem 



231 it motivated several theoretical efforts to 



construct models beyond the SM that could explain a large value of the neutrino magnetic 
moment 231-125]. This same mechanism had also been applied in the past to the case of 
UHE cosmic rays 0, H], mainly motivated by the possibility to detect tau neutrinos ap- 
pearing from oscillation during the neutrino propagation in cosmological distances 
neutrinos could be identified by very unique signatures such as double bang events [2 




and Earth skimming 31] . At present, thanks to a remarkable experimental effort, there are 
limits to the neutrino magnetic moment as strong as fi u < 10 _11 /iB coming from laboratory 



measurement 



32 



331 ] or from a combined analysis 341 ]. and fi u < 10 12 hb from astrophysical 



observations 35] or from solar data 36]. 

Given the non observation until now of UHE neutrinos, our main goal in the study of 
spin flip neutrino conversion due to a neutrino magnetic moment will be the transition from 
an active electron neutrino (presumably produced in an extragalactic object such as an 
AGN or a GRB) into a right handed sterile neutrino. Such a conversion may take place 
in different scenarios. We can consider in the first place the case of a conversion due to a 
diagonal magnetic moment that converts the active electron neutrino into a right handed 
sterile electron neutrino. This case had been considered as a possible explanation of the 
solar neutrino problem long time ago j^] and the conversion probability in this case is given 
by 



P(v eL is eR ,r) 



sin 



As has been noticed before 



3s 



H u B±(r')dr' 



(2) 



39] there is a possibility in t his p icture that a neutrino 



flux can be fully converted into sterile neutrinos if the condition 62] 



7T 



fi u B ± r » - 



(3) 



is satisfied. 
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FIG. 1: Relation of magnetic field B and size r of astrophysical sources for an efficient neutrino 
spin transition v eL — > v eR . The curves show different values of the neutrino magnetic moment. 
The acronyms refer NS for Neutron Stars, GRB for Gamma Ray Bursts, AGN for Active Galactic 
Nuclei, and SNR for Supernova Remnants. 

Considering the vast range of both magnetic field intensities and sizes of the astrophysical 
objects it would be not a surprise that, for a reasonable value of the neutrino magnetic 
moment, there will be astrophysical objects that could induce a spin conversion, while for 
an unsuitable combination of this values the effect will not be valid (otherwise this will be 
a fine tuning). 

Therefore, if future experimental results continue reporting no observation of neutrinos 
for certain objects, or for certain neutrino flavors, this could be a clue for a Dirac magnetic 
moment. On the other hand the future experimental results should give, at the same time, 
positive neutrino signals for astrophysical objects that do not fulfill the requirements of 
Eq. ©. 

We show in Fig. [1] the regions in the B — r plane that satisfy the above condition for 
a diagonal neutrino magnetic moment of 10 -12 /xb, 10 _14 /is, and 10~ 15 fiB- Inspired by the 
Hillas Plot jl|, we also show in the same figure the astrophysical objects that lie in such 
regions. For a given neutrino magnetic moment, the astrophysical objects lying in the 
corresponding curve may induce a neutrino transition into a sterile state. In this picture, 
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a relatively small neutrino magnetic moment, e.g., of the order of \x v = 10~ l5 fiB, could 
produce an efficient conversion into sterile states in the case of GRB, an interesting feature 
considering the recent limit for the neutrino flux coming from such objects Qj. Note that 
a higher neutrino magnetic moment around 10 _14 /ie, could induce the same effect for an 
AGN; in this case, there could be a very efficient mechanism for the suppression of neutrinos 
coming from the AGN, since the condition of Eq. ([3]) would be satisfied, while the flux 
for a GRB would only be suppressed by a factor one half due to the high value of [i v \ as 
mentioned above, in this case a future positive signal of GRB neutrinos combined with a 
negative result for AGN could be a hint for a nonzero neutrino magnetic moment of the 
order of 10 -14 /i#. Note also that, at least in first approximation, the weak magnetic field 
in the galactic halo and intergalactic medium may also produce a spin conversion given the 
long distance traveled by the neutrino flux. 

We believe that, given the fact that there has been no observation of neutrinos coming 
from AGNs or GRBs, it would be important to consider this mechanism in more detail. 
Besides the detailed comparison with the experimental results, it would also be important 



to consider matter effects 



40 



411 ] . that might diminish the mechanism. For constant density 



matter the conversion probability in this case will be given by 



38 



40 



-|42| 



P 



v e 2 + (2^B ± ) 2 



sin 



(4) 



With V e = y/2Gp(N e — N n /2), Gf the Fermi constant, and N e ^ n the electron and neutron 
densities. It is possible to see from this formula that a high value of the potential V e would 
suppress the spin conversion. This is not the case for an AGN or a GRB. We show in Table 
[J the approximate expected values of the potential, considering only the N e contribution, 
and compare them with the product of the neutrino magnetic moment and the expected 
magnetic field strength at the source. One can see that the potential is always negligible. 

Another important mechanism to consider would be an spin flavor precession into a 
different sterile neutrino flavor. In this last case we consider the evolution equation 





-( 







(5) 



V e -5 fi u B + 
fi u B_ 5 

where \i v denotes now a neutrino transition magnetic moment [47j , B± = B x ± iB y and S 
(Am 2 /4£j,) cos 26* with Am 2 the neutrino mass difference parameter, 9 the corresponding 
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Source 
GRBs [43] 
AGNs [44] 
SNRs [45] 
Galactic Disk [46 



V e (eV) fiB (eV) 



2 x 10" 


34 


10" 


13 


10" 


27 


6 x 10" 


20 


10" 


37 


10" 


28 


5 x 10" 


39 


5 x 10" 


29 



TABLE I: Comparison of the expected electron density versus the product of a 10 14 //_b neutrino 
magnetic moment times the magnetic field of the astrophysical source. 

neutrino mixing angle and E v the neutrino energy. Finally, x may denote a/iorr neutrino or 
even a new sterile state, in which case we are not constrained to the squared mass differences 
of the active neutrino states and, therefore, we could have more room to consider a sterile 
neutrino even in the range of keV. However, it is important to note that in this case the 



conversion probability will depend also on the mass square difference 



21 



(28 - V e f + (2/z„5, 



x sm 



(6) 



From this expression, and comparing for the case of GRBs (E v « 10 15 eV) or AGNs (E v ~ 
10 18 eV), it is possible to see that even in the case of the standard neutrino mass differences 



(Am 



13 



7.6 x 10" 5 eV 2 and Am 2 3 = 2.5 x 10" 3 eV 2 



481 ]) the value of S gets closer to the 



product fi u B± and, consequently, it is in the limit to suppress the conversion mechanism, 
while a conversion into a heavier sterile neutrino, such as a keV neutrino, will be certainly 
suppressed. Finally, considering a random magnetic field, instead of the regular case that 
we have discussed, is of no help in this case since it has been shown that in this case the 



49). 



conversion probability into a sterile state is at most of one half 

In the present day there are several experiments, like IceCube and the Auger Observatory, 
expecting to detect extragalactic neutrinos. Until now, neutrinos with energy above 10 15 eV, 
coming from extragalactic sources, have not been detected. Based on the non observation 



of extragalactic neutrinos, AGN 44], l50M54| and GRB 55m8j] models that predict high 



observable neutrino fluxes could be excluded, but with the mechanism of neutrino flavor 
conversion that we have discussed, this apparent contradiction may not exist. The neutrinos 
could be generated in the sources but converted into sterile neutrinos due to the strong 
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magnetic fields that prevails in those environments. 

In this work we have stressed the possibility of an efficient transition of the neutrinos into 
a right handed sterile neutrinos due to a non zero magnetic moment and due to the presence 
of strong magnetic fields both in GRBs as well as in AGNs. We consider this is an interesting 
mechanism that could be studied in more detail as more experimental results appear. If the 
current tendency of getting strong limits on the UHE neutrino flux continues, this could be a 
hint for a non zero neutrino magnetic moment effect, while a positive observation could put 
a stronger limit on \x v . Moreover, in this picture it would be natural that different objects 
could produce different reduction rates, providing a way to test the mechanism if future 
experimental results could detect neutrinos from different sources. 

Note: After the first version of this work, other articles have discussed different mecha- 
nisms that could also lead to a neutrino flux suppression 



59 



60j. Besides, they also discussed 



the recent claim of a possible detection of electron neutrinos by IceCube (while no muon 
neutrinos have been yet detected) 6JJ]. We would like to note that, if these were the case, 
the mechanism discussed here could also work, for instance, with a vanishing neutrino mag- 
netic moment for electron neutrinos and, for case, a magnetic moment value of the order 
discussed above. 



Acknowledgment s 

This work has been supported by CONACyT grant 132197 and SNI-Mexico. A. P. has 
been supported by CONACyT grant 166639. C.A.M. thanks the Physics Department of 
CINVESTAV for the hospitality during the visit when part of this work was done. 



[1] A. M. Hillas, Ann. Rev. Astron. Astrophys. 22, 425 (1984). 

[2] D. F. Torres and L. A. Anchordoqui, Rept. Prog. Phys. 67, 1663 (2004) |astro-ph/0402371| . 
[3] K. Greisen, Phys. Rev. Lett. 16, 748 (1966); G. T. Zatsepin and V. A. Kuzmin, JETP Lett. 
4, 78 (1966). 

[4] R. U. Abbasi et al. [HiRes Coll.], Phys. Rev. Lett. 100, 101101 (2008). 

[5] J. Abraham et al. [Pierre Auger Coll.], Phys. Rev. Lett. 101, 061101 (2008). 



7 



[6] E. Resconi and f. t. I. Collaboration, Nucl. Instrum. Meth. A 602, 7 (2009) |arXiv:0807.389T1 
[astro-ph]]. 

[7] R. Abbasi et al. [IceCube Collaboration], Nature 484, 351 (2012) [arXiv:1204. 42T91 [astro- 
ph.HE]]. 

[8] Y. Guardincerri, "The Pierre Auger Observatory and ultra-high energy neutrinos: Upper lim- 
its to the diffuse and point source fluxes," in: P. Abreu et al. [The Pierre Auger Collaboration], 
larXiv: 1107.48051 [astro-ph.HE]. 
[9] S. Biagi, Nucl. Phys. Proc. Suppl. 212-213, 109 (2011) [arXiv: 1101 .36701 [astro-ph.HE]]. 

[10] R. U. Abbasi, T. Abu-Zayyad, M. Allen, J. F. Amann, G. Archbold, K. Belov, J. W. Belz 
and S. Y. B. Zvi et al, larXiv: 0803^05541 [astro-ph]. M. Ackermann et al. [IceCube Coll.], 
Astrophys. J. 675, 1014 (2008); S. W. Barwick et al. [ANITA Coll.], Phys. Rev. Lett. 96, 
171101 (2006); V. Aynutdinov et al. [BAIKAL Coll.], Astropart. Phys. 25, 140 (2006); S. Desai 
et al. [Super-Kamiokande Coll.], Astropart. Phys. 29, 42 (2008). P. W. Gorham, C. L. Hebert, 
K. M. Liewer, C. J. Naudet, D. Saltzberg and D. Williams, Phys. Rev. Lett. 93, 041101 
(2004); N. G. Lehtinen, P. W. Gorham, A. R. Jacobson and R. A. Roussel-Dupre, Phys. Rev. 
D 69, 013008 (2004); I. Kravchenko et al, Phys. Rev. D 73, 082002 (2006); J. A. Aguilar et 
al, Nucl. Instrum. Methods Phys. Res., Sect. A 570, 107 (2007). 

[11] T. J. Weiler, Astrophys. J. 285, 495 (1984). 

[12] T. J. Weiler, Proc. High-energy Neutrino Astrophysics Workshop, Univ. Hawaii, March 1992. 

World- Scientific, Singapore (1993), p. 173. 
[13] E. Roulet, Phys. Rev. D 47, 5247 (1993). 

[14] G. Mangano, A. Melchiorri, P. Serra, A. Cooray and M. Kamionkowski, Phys. Rev. D 74, 
043517 (2006). 

[15] C. Boehm, T. A. Ensslin and J. Silk, J. Phys. G 30, 279 (2004) C. Boehm and P. Fayet, Nucl. 
Phys. B 683, 219 (2004); D. Hooper, F. Ferrer, C. Boehm, J. Silk, J. Paul, N. W. Evans and 
M. Casse, Phys. Rev. Lett. 93, 161302 (2004); C. Boehm, D. Hooper, J. Silk, M. Casse and 
J. Paul, Phys. Rev. Lett. 92, 101301 (2004); C. Boehm, P. Fayet and J. Silk, Phys. Rev. D 
69, 101302 (2004). 

[16] C. Boehm, Y. Farzan, T. Hambye, S. Palomares-Ruiz and S. Pascoli, Phys. Rev. D 77, 043516 
(2008). 

[17] J. Barranco, O. G. Miranda, C. A. Moura, T. I. Rashba and F. Rossi-Torres, JCAP 1110, 

8 



007 (2011) |arXiv:1012.2476l [astro-ph.CO]]. 

P. Vogel and J. Engel, Phys. Rev. D 39, 3378 (1989). 

B. W. Lee and R. E. Shrock, Phys. Rev. D 16, 1444 (1977). 

W. J. Marciano and A. I. Sanda, Phys. Lett. B 67, 303 (1977). 

E. K. Akhmedov, Phys. Lett. B 213 (1988) 64; C. S. Lim and W. J. Marciano, Phys. Rev. D 
37 (1988) 1368. 

J. Barranco, O. G. Miranda, T. I. Rashba, V. B. Semikoz and J. W. F. Valle, Phys. Rev. D 
66, 093009 (2002) [hep-ph/0207326] . 

K. S. Babu and R. N. Mohapatra, Phys. Rev. D 43, 2278 (1991). 
K. S. Babu and R. N. Mohapatra, Phys. Rev. Lett. 63, 228 (1989). 
R. Barbieri and R. N. Mohapatra, Phys. Lett. B 218, 225 (1989). 

K. Enqvist, P. Keranen and J. Maalampi, Phys. Lett. B 438, 295 (1998) |hep-ph/9806392| . 

S. Sahu and V. M. Bannur, Mod. Phys. Lett. A 15, 775 (2000) [hep-ph/9803487] . 

H. Athar, C. S. Kim and J. Lee, Mod. Phys. Lett. A 21, 1049 (2006) |hep-ph/0505017] . 



D. Fargion, astro-ph/9704205 



J. G. Learned and S. Pakvasa, Astropart. Phys. 3, 267 (1995) [hep-ph/9405296 
hep-ph/9408296] . 



C. A. Moura and M. M. Guzzo, Braz. J. Phys. 37, 617 (2007). M. M. Guzzo and C. A. Moura, 



Jr., Astropart. Phys. 25, 277 (2006) [hep-ph/0504270| . 

J. L. Feng, P. Fisher, F. Wilczek and T. M. Yu, Phys. Rev. Lett. 88, 161102 (2002) 
|hep-ph/0105067] . 

H. T. Wong et al. [TEXONO Collaboration], Phys. Rev. D 75, 012001 (2007) 
[hep-ex/0605006] . 

Z. Daraktchieva et al. [MUNU Collaboration], Phys. Lett. B 615, 153 (2005) [hep-ex/0502"037] . 
W. Grimus, M. Maltoni, T. Schwetz, M. A. Tortola and J. W. F. Valle, Nucl. Phys. B 648, 
376 (2003) [hep-ph/0208"T32] . 
G. G. Raffelt, Phys. Rev. Lett. 64, 2856 (1990). 

O. G. Miranda, T. I. Rashba, A. I. Rez and J. W. F. Valle, Phys. Rev. Lett. 93, 051304 (2004) 
[hep-ph/0311014] . 

A. Cisneros, Astrophys. Space Sci. 10, 87 (1971). 



E. K. Akhmedov, hep-ph/9705451 



9 



H. Athar, J. T. Peltoniemi and A. Y. .Smirnov, Phys. Rev. D 51, 6647 (1995) 
[hep-ph/9501283] . 

L. B. Okun, M. B. Voloshin and M. I. Vysotsky, Sov. Phys. JETP 64, 446 (1986) [Zh. Eksp. 
Teor. Fiz. 91, 754 (1986)]. 

L. B. Okun, M. B. Voloshin and M. I. Vysotsky, Sov. J. Nucl. Phys. 44, 440 (1986) [Yad. Fiz. 
44, 677 (1986)]. 

R. Barbieri and G. Fiorentini, Nucl. Phys. B 304, 909 (1988). 

R. A. Chevalier and Z. Y. Li, Astrophys. J. 520, L29 (1999) [astro-ph/99044171 - 

J. Alvarez-Muniz and P. Meszaros, Phys. Rev. D 70, 123001 (2004) [astro-ph/0409034] . 

J. -W. Xu and F. -J. Lu, larXjyi090jLQ432j [astro-ph.HE]. 

M. A. de Avillez, A. Asgekar, D. Breitschwerdt and E. Spitoni . larXiv : 1 204. 1 5 1 1 1 [ast r o-ph . G A] . 

J. Schechter and J. W. F. Valle, Phys. Rev. D24 (1981) 1883; Erratum-ibid. D25 (1982) 283 

M. Tortola, J. W. F. Valle and D. Vanegas. larXiv: 1205.40181 [hep-ph]; T. Schwetz, M. Tortola 

and J. W. F. Valle, New J. Phys. 13, 063004 (2011) [ arXiv:1103.0734l [hep-ph]]. 

G. Domokos and S. Kovesi-Domokos, Phys. Lett. B 410, 57 (1997) [hep-ph/9703265] . 

K. Mannheim, R. J. Protheroe and J. P. Rachen, Phys. Rev. D 63, 023003 (2000) 

[astro-ph /98 1 2398] . J. P. Rachen, R. J. Protheroe and K. Mannheim, of the upper bound 



debate," astro-ph/9908031 



F. Halzen and E. Zas, Astrophys. J. 488, 669 (1997) [astro-ph/9702193| . 
K. Mannheim, Astropart. Phys. 3, 295 (1995). 

F. W. Stecker and M. H. Salamon, Space Sci. Rev. 75, 341 (1996) [astro-ph/950"l064l . 

F. W. Stecker, C. Done, M. H. Salamon and P. Sommers, Phys. Rev. Lett. 66, 2697 (1991) 

[Erratum-ibid. 69, 2738 (1992)]. 

M. Ahlers, M. C. Gonzalez-Garcia and F. Halzen, Astropart. Phys. 35, 87 (2011) 
|arXiv:1103.342T1 [astro-ph.HE]]. 

K. Murase, Phys. Rev. D 76, 123001 (2007) [arXiv: 0707.11401 [astro-ph]]. K. Murase and S. Na- 



gataki, Phys. Rev. Lett. 97, 051101 (2006) |astro-ph/0604437| . K. Murase and S. Nagataki, 
Phys. Rev. D 73, 063002 (2006) |astro-ph/05i2275] . 

J. P. Rachen and P. Meszaros, AIP Conf. Proc. 428, 776 (1997) [astro-ph/9811266] . 
E. Waxman and J. N. Bahcall, Phys. Rev. Lett. 78, 2292 (1997) [astro-ph/9701231| . 
P. Baerwald, M. Bustamante and W. Winter. larXiv: 1208.46001 [astro-ph. CO]. 



10 



[60] A. Esmaili and Y. Farzan, larXiv: 1208 .60121 [hep-ph]. 

[61] A. Ishihara, Icecube: Ultra-high energy neutrinos, Talk at Neutrino 2012. 

[62] for a constant magnetic field 



11 



